Abstract This paper describes a new empirical watershed model, the prime feature of which is its parsimony. It involves only three free parameters, a characteristic unparalleled by continuous process models able to work on a wide array of catchments. In spite of its crude simplicity, it achieved, on average, worthwhile results on a set of 140 French catchments and overwhelmingly outperformed a linear model involving 16 parameters. It performed roughly as well as a conceptual model with five free parameters, derived from the well-known TOPMODEL.
INTRODUCTION
Understanding the way in which rainfall turns into runoff at the watershed scale has always been a major goal of research in surface hydrology. Models have been developed to describe this transformation since the very beginning of hydrological research. Early approaches were event-based models, focusing on the effect of a single rainfall event, either observed or hypothetical. Alternatively, continuous simulation was used where many continuous process models, especially conceptual ones, were found to provide satisfactory results. A new model, GR3J, has been developed. It is based on a sort of process lumping, i.e. with no ambition to model hydrological processes separately. This special feature allows for a drastic parsimony, avoiding
Open for discussion until 1 October 1999 almost completely parameter interdependence which tends to plague the calibration of conceptual models.
Models differ dramatically according to temporal resolution. Herein we will refer to a daily time step, which is very common for continuous process models due to the wide availability of daily hydrological data. Moreover, models running on a daily time basis may be useful for a large range of applications related to water resources assessment and management. The variables used in this paper are either values averaged over a time step whenever the variables concerned are fluxes, or instantaneous values evaluated at the end of the time step whenever these variables are storages. Fluxes and storages are expressed in mm day" 1 and mm, respectively. GR3J, the model examined in this paper, can accommodate simple snow processes but this additional feature will not be discussed here. The model does not address the separate subprocesses of the hydrological cycle, therefore it has been labelled as "empirical" rather than "conceptual", even though its structure remains that of a conceptual model. In contrast to conceptual models, it has been developed step by step, starting with the simplest structure possible, with the aim of finding out what simple mechanisms, when suitably put together, are able to reproduce the actual rainfallrunoff transformation on a catchment.
THE PLACE OF EMPIRICAL MODELLING
In order to understand GR3J better, it might be desirable to comment briefly on the class of models to which it belongs. Without any pretension to give a complete review of rainfall-runoff modelling, it can be said that models fall into one of four broad classes, which can be termed as: (a) physically-based models; (b) conceptual models; (c) empirical models; and (d) black box models.
Physically-based models use, in a straightforward manner, the existing knowledge of the physics of water movement. Every step in the transformation of water entering the watershed is modelled using partial derivative equations involving precise descriptions of the medium and flow through it. The SHE model epitomises this type of model (Abbott et al, 1986) . Because these models are not applied to an accurate numerical replica of the actual field situation, they need some parameter calibration to be adjusted for a given catchment. Beven (1989) and Grayson et al. (1992) discuss the place of physically-based models and the growing awareness that they are actually conceptual at the model grid scale (i.e. the mesh or the cell in the spatial discretization).
Conceptual models have been developed to avoid the task of collecting the large amount of physical data required to run a physically-based model. Modellers do not waive their "perceptual" vision of the hydrological cycle. They simplify the system on the understanding that a precise description is out of reach and that soil properties measured in the field are not relevant at the grid-cell scale (Beven, 1989) . Typically, a catchment is viewed as a single unit-area where all inputs or outputs are lumped.
According to their knowledge of the hydrological cycle, modellers retain in their model those subprocesses that are supposed to be of significant importance in the expected use of their model. Each subprocess is then described by an empirical submodel of suitable accuracy. Eventually, these submodels are put together to mimic the organization of actual flowpaths. The basic task is to choose the simplified tools able to reflect the conventional knowledge. Parameters may represent physical properties, but in general, due to the spatial lumping inherent in conceptual models, they cannot be measured and have to be calibrated. The Stanford model (James, 1972) might exemplify this type of model.
Empirical models are still more remote from physical knowledge. They are just the result of an empirical combination of mathematical operators yielding the observed output of the actual rainfall-runoff transformation. They have to be worked out gradually, starting from the simplest viable mechanism, then including complexity only in case of obvious necessity to allow for observed streamflows. As far back as 1970, Nash & Sutcliffe advocated this line of reasoning. A good reason for this simplicity arises from the limited information or data available for model development. Any specification introduced into the model can only be supported by observed series of flow rates and these data can rarely endorse complexity as pointedly stressed by Jakeman & Hornberger (1993) . The present model, GR3J, belongs to this class of models.
Black box models are much simpler than the foregoing models, since they usually rely on linear relationships between input and output values. However, they can become rather complex if delays are introduced for the modelled variables. They are far more mathematically tractable than the other types of model and can be tested strictly and extensively. The mathematical tools available to the modeller are abundant and effective. Obvious examples are the ARMA (Auto-Regressive Moving Average) and ARMAX (the letter "X" standing for "exogeneous" and referring to rainfall) models. Neural networks applied to hydrological modelling are now gaining some recognition and could be placed at an intermediate position between the two last classes of models.
OUTLINE OF GR3J
It is beyond the scope of the present paper to retrace the development of GR3J (see Edijatno & Michel (1989) , and Edijatno (1991) for first versions of the model). Here, the current structure of the model is just outlined. A sketch of the model is shown in Fig. 1 , along with the main equations. Let P and E be precipitation and potential évapotranspiration, respectively. Here, E is a climatic average over several years, usually derived from 10-day data. The first transformation is via an interception reservoir of zero-value capacity:
The next operation is via a moisture accounting reservoir, the capacity of which is constant, A = 330 mm. Let S be its current storage value. Depending on S, fluxes into (P s ) and out of (E s ) this reservoir occur when P" and E" are positive, respectively 
(expressions are given in Fig. 1 ). The difference {P" -P s ) is then divided into two parts. The first part, amounting to 90% of (P" -P s ) is transformed by a 1-day unithydrograph derived from an S-curve whose expression is the function SHI in Fig. 1 . The second part, amounting to 10% of (P" -P s ), is transformed by a second 1-day unithydrograph derived from the S-curve named SH2 (cf. Fig. 1 ) depending on the same parameter (Z3) as SHI. The first part, after routing by SHI, is input to a reservoir whose storage is R. This reservoir is subject to an exchange of water, F, as shown in Fig. 1 , depending on the reservoir content computed at the end of the previous time step and involving parameter X\. When X\ is positive, F is an output from R and, when X\ is negative, F is an input to R. A new value of R, named R* in Fig. 1 , is computed by summing together the previous value of R, the value of F, and the output from the SHI-derived unit-hydrograph. If the result is negative, R* is taken to be zero. The flux, F is also added to the flux along the other flow path (10% of (P" -P s )), which results in a flux Qj, possibly taken to be zero when the addition of the F value yields a negative result. The reservoir, R, yields a flow rate, Q r , depending on R* and on parameter X2 (Fig. 1) . The value of R at the end of the time step is obtained by subtracting Q r . The final output of the model is the streamflow, Q, given by adding Q r and Qd. The three parameters that have to be calibrated are X\, X 2 and X3.
COULD GR3J BE VIEWED AS A CONCEPTUAL MODEL?
One could argue that a model such as GR3J is not, a posteriori, clearly different from a simple conceptual model. The difference lies first in the interpretation of the internal variables of the model. Contrary to the case of conceptual models, one has to refrain from a priori linking a model variable to a precise field measurement. When additional information exists and its use for updating the model system is suggested by a forecasting application, the first step is to learn about what parts of the model could benefit from this additive knowledge. Then, the ensuing correlation could be used, for example, as the measurement equation of a Kalman filter, to update the system and issue improved forecasts. The second difference concerns the presence of several fixed parameters, such as the value of A, the crude partitioning between SHI and SH2, and the exponents used in the equations giving P s , E s , SHI, SH2, F. From the very beginning, the aim has always been to avoid any untimely increase in the number of calibration parameters (i.e. parameters free to vary from one catchment to another). Keeping certain parameters fixed is justified as their calibration added little to discriminate among catchment hydrographs. Incidentally, fixed parameters are often used in rainfall-runoff modelling and are quite accepted especially when they are inconspicuous. For example, Xu & Halldin (1997) used a monthly water balance model where an "active" rainfall, denoted by n, is linked to rainfall, r, and potential évapotranspiration, ep, by the following equation: The third difference is clearly apparent in expression representing the exchange of water, F. Such a formulation could hardly result from an a priori conception about the hydrological cycle. In developing an empirical model, one learns about how to best describe the lumped rainfall-runoff transformation. In developing a conceptual model, one just translates a pre-existent knowledge into acceptable equations.
INITIALIZATION OF THE SYSTEM
A major problem to be faced with every model, be it conceptual or physically-based, is related to initial conditions (system state) at the onset of a run. The state of the system as described by GR3J is made up of two storage values and some antecedent excess rainfalls, apportioned by the two unit-hydrographs. If the model is started after a dry period, antecedent excess rainfalls can be taken to be zero.
The initial values of the R-and S-reservoir contents, R 0 and So, can be approximated in terms of the date in the year as follows:
where m is the month when R 0 and So are calculated, i.e. when the simulation starts, hi addition, it is necessary to use a "warm-up" period, typically one year long, during which model errors are not taken into account when calculating the optimization criterion, so as to make up for the crude initialization of the system.
GR3J CALIBRATION
Due to the extreme parsimony of the model, the calibration does not face difficult problems (no multiple optima). Optimization can be accomplished with whatever method is available. In this study, optimization was performed with a steepest descent method. The search for optimal parameters is better carried out in the space of transformed parameters, i.e.:
x 2 = ln(X 2 ) (7) x-i = ln(X 3 -0.5)
where ln(-) is the natural logarithmic function and sinh() is the hyperbolic sine function. The criterion used for calibration is the sum of squares of errors between computed and observed streamflows, in the nondimensional form proposed by Nash & Sutcliffe (1972) . This criterion, denoted C(i, j, k), where i refers to the catchment (/ varies from 1 to 140), j refers to the calibration period and k to the validation period, is computed as:
where Q(i, j, k, n) is the computed value of the streamflow at day n, in period k, and catchment i, using parameters calibrated on periody' (j * k), 0 (i, k, ri) is the value of the observed streamflow at day n, in period k, and catchment z, Om(i, k) is the average of observed streamflows for validation period k and catchment /, and N(i, k) is the number of days of the Mi period for the /th catchment.
An alternative criterion is to apply the least squares of errors to square roots of streamflow values. This criterion is generally more attuned to the typical cumulative distribution function of residuals and has been employed in this study for the calibration of all models. However, the choice of the criterion must be left to the user. To reflect this situation, the Nash criterion used for validation periods was calculated on streamflows, not on their square roots as in the calibration stage. In this latter stage, optimization is stopped when any deviation equal to 0.01 or -0.01 applied to any parameter does not improve the Nash criterion. Initial values given to the transformed parameters, at the beginning of the optimization process, are 0.3, 5.1, and 0.1, respectively.
MODELS AND DATA USED FOR COMPARISON
To give a picture of the efficiency of GR3J, it is compared successively with two models. First, the following linear model has been used for the comparison exercise:
where all parameters (a\, ai, a^, a») are constrained to lie in the range (0, 1), and thus, this model is not a standard linear model. Four such models are used, each one corresponding to a different season of the year. Therefore, the whole model relies on 16 parameters. Such a model is not as trivial as may be thought at first sight. However, it is always interesting to use such basic models, and several works have resorted to using simple models for comparison. Recently, Shamseldin (1997) selected a simple linear model and a seasonally-based linear perturbation model (the latter model being not very different from the above pseudo-linear model) to evaluate his neural network technique in rainfall-runoff modelling. The second model used for comparison is derived from the well-known TOPMODEL (Beven & Kirkby, 1979) . TOPMODEL was altered to accommodate the i-exp absence of topographical descriptors. In addition, the model was simplified to facilitate the convergence of the optimization algorithm used in this study. Therefore, the comparison was not made with the genuine model. Nevertheless, the altered version, thereafter named TOPMO, was thought sufficient to provide a reasonable comparison with GR3J. In TOPMO, the contributing area was not calculated based on the observed distribution of the topographic index but was related to the saturated zone store by a logistic relationship including a parameter to be calibrated. An important simplification consisted of removing the infiltration store (denoted S2 in the 1979 paper). Figure 2 , which is very similar to Fig. 1 in Beven & Kirkby (1979) , summarizes the structure of the model. This version has five parameters that were calibrated using the same calibration scheme as for GR3J. In order to carry out an extensive comparison, a large set of data was collected and used in the same manner with the three models. One hundred and forty gauged catchments were used in the test, exclusively focusing on simulation (validation) runs of the three models. Figure 3 shows the locations of the gauging stations for this set of catchments. Areas range from 1.4 to 9 387 km 2 . Rainfall data were typically available at a rate of one daily gauge for 150-200 km 2 , including gauges that are not always located inside the studied catchment. Streamfiow data available for the catchments span various time periods. The whole series from each catchment has been divided into two, and often into more than two, adjacent periods of time, 3-6 years long. Each model has been calibrated on one period and used in simulation on every other period in turn. If the number of periods available on catchment / is iV" the number of simulation runs is then N t (Ni equation (9) has been used. 1). For the comparison, the Nash criterion described by
RESULTS OF THE COMPARISON PROCEDURE
Considering all 140 catchments, 1146 Nash validation criteria (C-values) were obtained in this comparison, for each of the three models. Figures 4, 5 , and 6 display plots of the 1146 couples of Nash criteria for the three comparisons: GR3J and the linear model, TOPMO and the linear model, GR3J and TOPMO, respectively . If G (YIX) is the geometric average, for the 1146 validation periods, of ratios between the sum of square errors for model Y and the sum of square errors for model X computed on each of these validation periods, a single comparison criterion can be expressed using the above Nash criteria (or C-values) by the relationship:
where j is always different from k (only validation periods are of concern). The spite of its 16 parameters, performs badly compared to GR3J and to TOPMO. Figures 4 and 5 expose the obvious superiority of the two empirical (or conceptual) models over the linear model. A particular model can do a better job on a given catchment and a less good one on another catchment. This implies that the models are clearly distinct and that good ideas are present in each of them. However, a composite model gathering all these ideas could well become untractable or loose its efficiency through calibration pitfalls. One can observe on the above cited graphs that for some catchments very poor results were obtained. This is partly, but only partly, due to the fact that no a priori restriction was made for a watershed to be enlisted in the final set of modelled catchments. No preliminary critical examination of the data was carried out because it is felt that if data are used to judge a model, these data cannot be criticized beforehand since such checks, carried out without the participation of the data collecting teams, are inevitably based on some basic modelling. Up to now, no comparison has been made of the variations among the parameter values stemming from different calibration periods. However, this is of less interest than finding out whether these changes in parameter values detract from the efficiency of the studied model. A model whose parameters remain steady yields a better result, measured by G-value, than a model whose parameters are more variable with the change of calibration period.
Each use of a model on one period is an experiment and the purpose of the graphs shown in Figs 4-6 is to assess the comparative values of two models based on the whole set of possible experiments. These graphs are likely to be the best summaries of the comparison effort. Figure 6 shows that GR3J and TOPMO performed in a similar way. It must be acknowledged that this outcome could have been different, had it been possible to use TOPMODEL. However, it is worthwhile to note that GR3J can achieve roughly the same efficiency as TOPMO with only three effective degrees of freedom. In order to illustrate the behaviour of each model, one-year hydrographs for the 104 km 2 Orgeval basin are shown in Fig. 7 . The Orgeval gauging station is located 60 km east of Paris. The hydrographs are for the year 1981, with models using parameters calibrated on the 1986-1989 data. Figure 8 shows streamflows from other catchments, also generated in the simulation mode, but with different performance for each model.
DOMAINS OF USE
A robust model such as GR3 J has proved useful in various domains of water resources management by providing scenarios likely to occur when associated with stochastically generated rainfalls. It has been used in reservoir storage management (Yang et ai, 1995) and to generate flood distributions, enabling extrapolation far beyond the typical short duration of rainfall-runoff data used for calibration.
Another application is related to detection of anthropogenic alterations of the hydrological cycle. The paired catchment approach was carried out using outflow series generated with parameters calibrated in turn on different periods, before, during, or after the time when alterations took place (Nascimento, 1995) . However, since the model is empirical, it cannot be used for extrapolation to the long term or for predicting (as opposed to detecting a posteriori) the effect of anthropogenic changes. A very simple model is also useful in on-line flood forecasting and a method especially adapted to models like GR3J has been devised by Yang (1993) .
Finally, it must be stressed that parameter explanations, derived from catchment physical properties, are more likely to be found when parameters belong to a strictly parsimonious model such as GR3J than to a complex conceptual model (Makhlouf & Michel, 1992; Makhlouf, 1994) .
DISCUSSION AND CONCLUSION
There exists a range of very different approaches to rainfall-runoff modelling. As pointed out by Beven (1989) , physically-based models remain, up to now, conceptual at the elementary cell scale. Black box models suffer from difficulties in accommodating seasonal intricacies. Conceptual models appeal to many hydrologists but their development method is not always as careful as that suggested by Nash & Sutcliffe (1970) . Empirical models are useful in hydrological modelling because they put a severe limitation on unwarranted complexities. Such simple models could be used to assess a more complex model: if a conceptual model, or a physically-based model, is thought of as having a better foundation than a simple empirical model such as GR3J, it should be reasonable to expect it to clearly outperform the latter model. However, shortcomings do exist. The lumping of subprocesses that are supposed to take place in a catchment could be viewed as a handicap for later development such as the introduction of water quality modelling. Parsimony of GR3J could also be questioned, on grounds of the presence of obvious fixed parameters. Actually, when a parameter has been given a fixed value, that means that there is very little, if anything, to be gained from searching for an adjusted value. The same sort of problem arises when one is tempted to increase the efficiency of a regression relationship with the inclusion of an independent variable of poor relevance. The problem is that a gain can be observed on a calibration period but this answer is of no use because the question concerns other periods, especially future ones, or ungauged catchments where the model might be applied. Further reflection is needed to fully appreciate the future of this way of modelling.
